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\ ABSTRACT

Three different proposed propulsion systems which incor-
porate superconducting electric machines are describved., Two
of these systems utilize a propulsion system integrated ship
service electrical system., A ship synthesis computer model is
used to determine the gross characteristics, detailed weigh<
and volumes, maximum sustained speed, and endurance fuel re-
quirements for each proposed design,

Each of the designs is compared to a baseline ship, the
PPG-7, to determine the impact of a superconducting propulsion
system on gross characteristics, maximum sustained speed, en-
durance fuel, general arrangements, payload, vulnerability/
survivability, risk, maintenance, and cost. _

Final comparison of the proposed designs shows a 31% re-
duction in propulsion machinery weight for all candidates. The
two superconducting/integrated designs show a 61% reduction in
electrical machinery weight, a 6% reduction in total required
volume, a 10% reduction in full load displacement, a2 7% in-
crease in maximum sustained speed, and an 8% reduction in fuel,

The results of this thesis document very impressive re- .
ductions in total weight and required volume. The superconduc-
ting propulsion systems described in this thesis will provide
the designer with greater arrangement flexibility compared to
convertional propulsion systems, Operationally, the supercon-
ducting/integrated systems contribute to a reduction in own
ship's noise, maintenance costs, and operation costs. In ad-
dition, these proposed designs can provide a significant im-
provement in the vulnerabiltiy/survivability characteristics
of the ship and allow the designer the option of increasing
the ship's payload without increasing the size of the ship.

The major drawback of these proposed svstems is the high
level of risk inherent in their design. This i3 due to the
uncertainity of system performance and to the potential haz-
zards due to high electric currents and liquid helium,

Thesis Supervisor: PFranklin F, Alvarez
Title: Associate Professor of Ocean Engineering
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TERM or SYMECL

B

BM

CCDAD
CODAG

CCOGAG

DO
D10
D 20

Davg

NAVAL ARCHITZCTURE TERM3

DEFINITION

Beam (widtn) of hull. Measured at
waterline unless otherwise specified,

Distance from center of buovancy <o
metacenter.

Weigh*t clasgification svstem, Comnesed
of seven distinct welght groups plus
the variable loads.

A propulsion system type which combires
two or more different size diesel en-
gines as prime movers,

A propulsion sys*tem type which ccmbines
both diesel engines and gas turtines as
prime movers,

A propulsion system type which ccmbines
two or more different size gas turbines
as prime movers,

Prigsmatic coefficient, The design para-
uweter which expresses the percentage of
a prism of dimensions L,2,T whizh the
underwater hull wculd occupy.

Midship section coefficient. The de-
sign parameter which expresses *he per-
centage ¢f a rectangle of dimensions

B,T which the hull midship cross sec-
tion would occupy,

Depth. The distance from the main deck
to the keel baselire.

Depth at station O,
Depth at station 10,
Depth at station 20

Average deprth of the main deck,




NAVAL ARCHI

TERM or SYWMBCL

FLD

GM

KB

Light Shlp
Displacement

S¥C

SHP
SHPE

VCG

VEND

Weight Margin

e . .
TECTURE TZIREMS (continued)

EFINITICN
Full load displacement, The to%al
weight of a ship including the vari-
able loads.

The distance from the vertical center
of gravity to the matacenter.

The distance from the keel to the
center of buoyancy.

The distance frcm the keel to the
vertical center cg gravity,

The total weight of the ship excludirg
the variable loads.

Specific fuel ccnsumption, A measure-
of fuel usage rate in lbs/hp-hr

Shaft horsepower.
Shaft horsepower at endurance speed.

Draft, Distance from the keel bhase=-
line to the waterline.

Vertical center of gravity,
Endurance speed measured in Xnots.

An allocation in tons for future
growth,
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INTRCDUCTICHN

The utilization of electric motors for ship zropulsicn is
by no means a modern technclcgy. The earliest recorded use of
electric propulsicon for ships occured in Russia in 1£G3, Since
then, large numbers of ships have been built with electric pre-
pulsion plan*s. In the 1620's, the aircralt carriers Sarateoga
and Lexingten both utilized electric proprulsion systems in the

ad

1]
D

176,000 horsepcwer range, The most successful and widescr

L

iegel-elactric sutmarines bull%t tefeore and

1

use was seen in the
during World War II. The lack ¢f reduction gear cutting carac-
ity during the war greatly increased the interest in electrical
propulsicn.(l)
The advantages of eleciric propulsicn are very attractive,
Among these are:

(a) The elimirnation of direct coupling of the prime mcver
to the propeller allowing for greatly reducad shaf:a
ing runs and improved casualty control,

(b) The elimination of reduction gears and their inheren=*
acoustic signature.

(¢) Increased flexibility in locating prime mcvers since
there is no requirement for all propulsion components

to be "in line”,.

—
(e
~

Shaft speed can be controlled more accurately,
(e) The designer has greater flexibility in selecting the

number and size of prime movers. The utilizatiocn of

11
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combined plants (CCCAD, CCDAG, CCGAG, e*c,) are mcre
practical and easier to design.

(f) Prime movers can te operated at their maximum effi-
ciency while varying shaft speed without a controll-
able pitch propeller.

(g) Electric motors and generators are simple in ccn-
struction, easy tc operate, and have an exceptional-
ly fine maintenance history.

In spite of the seemingly coverwhelming advantages, elec-
tric propulsion systems are not being used in any recent sur-
face or submarine combatant designs. The reasons for this are
few but overriding., The three most common difficulties assc-
ciated with electric propulsion are:

(a) Higher acquisition costs than competitive alterna-

tives,

(b) Considerably greater weight and volume requirements
than alternatives,

(c¢) Higher transmission losses overall, reflecting a
lower system efficiency and higher fuel usage than
alternatives,

Of the three listed above, the second causes the mos: dif-
ficulty for the ship designer, Naval architects and ship de-
signers are being asked to design ships with more and mere
payload while keeping the displacement, cost, and manning dcwn,
As a result, the designers are forced to forfeit the advantages
of electric propulsion in favor of light weight, low volume

propulsion systems. The advent of the marine gas turtine has
12



aided the designer considerably. Hcwever, he is still ccen-

strained with the requirement of "in line” propulsion compo-
nents and the associated loss of flexibility in arrangement

and locaticn of the main machinery spaces,

In 1611, Kammerlirg Cnnes discovered that the resistivity
¢f certain ccenducting materials essentially vanished at temp-
eratures near absclu%e zero. 2Zecause of this extraordinary
elec*rical property he callad this new state the "supercon-
ducting™ state and called the materials "superccnductors”.
Since then, over two dozen superconducting elements and com-
pounds have been identified. Subjecting these materials to a
very low temperature is a necessary but not sufficient condi-
tion to ensure superconductivity. The superconducting state
can te destroyed by application of a sufficiently strong mag-
netic field c¢r passage of a sufficiently large current. The
tempera<ure bYelow which the material is superconduc*ive is
called the critical temperature and the magnetic field above
which the material losses superconductivity is called the
critical magnetic field. Upon violating either of these
critical parameters the shift from the superconducting sta%e
*o the normal conducting state is essentially instantaneous.

The state of extremely low resistivity implies tha* loss-
es cculd be greatly reduced, This luw lcss condition indicated
that electiric motors and gererators could be buil® to higher
ratings for smaller physical size, However, before practical
supercorducting electrical devices could be built it was neces-

sary to identify at least one material with a reasonatly

13




attainable critical temperature and a high critical magnetic
field., Such a ma%erial, a niobium tin compound, was discover;
ed in 1Gé1,

Considerable research has been conducted in the recen<
past in both machine design and superconductor development,
Recently a method was developed to produce extruded copper
wire with embedded niobium fibers for use in machine coil
windings. Current development efforts are directed at im-
proving the very high density current collectors. Collectors
for large machines must be capable of handling current densi-
ties of 3,000 to 9,000 kiloamps per square meter. The major
concern of the machine designers is to reduce as much as pos-
sible the chance of catastrophic failure of the machine when,
for some reason, there igs a loss of supercooling refrigeration.

The advent of superconducting machinery for shipboard'use
indicates an order-of-magnitude savings in weight, reduced
volume, and the distinct pqssibility of reduced costsg, The
end result is a propulsion system having all the advantages
of electric power without all the classic disadvantages of
high weight, large volume, and high cost.

The refrigeration units needed to provide the supercool-
ing are the most developed components in the system, The prin-
ciples of operation and design are well understocd and units
of sufficient capacity are commercially available, Addition-
al developmental effort is needed to marinize these units in

order to provide suitably compact and quiet units, Specific

14



details concerning weight and volume of shipboard units will
be developed in chapter two of this thesis. '

An interesting aspect of electrical propulsion which is
getting more and more attention is that of integrating the
ship service electrical system with the ships propulsion sys-
tem. None of the present day major combatant designs take
advantage of electrical integration. Most designs today util-
ize separate gas turbine or diesel generators for ship servive
electrical power. This creates additional difficulty for the
degigner since he must find additional deck space, internal
volume, and provide for additional ducting. These installa-
tions also contribute to increasing the ship's weight and cost,
The marriage of light weight, high efficiency, large capacity
gas turbines with superconducting motors and generators could
eliminate the need for separate ship service electrical gener-
ating equipment. This integration could be accomplished with
steam turbines as well, and hence, find application with nu-
clear propulsion plants. The design of an integrated ship ser-
vice electrical system will be discussed in detail in chapter

three of this thesis.
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CHAPTER 1
BASELINE SHIP DESCRIPTION

1.1 Introduction

The intent of this thesis is to analize the impact of the
application of superconducting propulsion systems on naval
ship design. One realistic method of analysis, and the one
selected here, 1s to compare a well defined baseline ship
without superconducting propulsion to a mcdel ship with super-
cenducting propulsion., In order to make a valid comparison,
the proposed model must conferm to the same design philosorhy,
requirements, and constraints that guided the develorment of
the baseline ship. In order to judge one ship as being "as
good as™ or "better than" another ship, it is imperative that
the two ships have the same mission requirements,

The baseline ship selected for the comparative analysis
is the PFG-7, This ship is a U.S. Navy guided missile escort
vegsel, This ship was designed for entry into the fleet in
the mid 1970's and represents a modern design. The primary
reagsons for selecting this baseline are threefold.

First, since this ship is a recent design, it represents,
in many ways, the present day trend in naval ship design of
minimizing ship acquisition cost. Historically, naval ship
design has shifted from performance optimization to minimizing
life cycle cost to minimizing acquisition cost.

Secondly, the FFG-7 is well documented and a gocd deal of

16




informaticn, data, and specifications have teen putlished,
Since this ship class is still under construction, information
concerning desiazn deficiencies 1s continually teing repcrtad,
Thirdly, the FFG-7 presented an unusually demanding task
to the designers. In addition to a brcad mission requirement,
the following design constraints were imposed.
(1) The follow-on ships must not exceed an acquisiticn
cost of 45 million dollars =ach (1974 3),
(2) The ships full lcad displacement must not exceed
3,400 tons,
(3) The total manrning must not exceed 185 men,
(4) The ship must utilize "cff-the-shelf”, standardized
equipments.
it should be noted that the FFG-7 class ships do not cen-
form to constraints (1) and (2) listed above, The full load
displacement has increased to 3,617 %tons. The acquisiticn cost
exceeds the cost specified primarily due to the addition cf
equipment not originally requested. In addition, the onbtoard
maintenance requirements were underestimated and there is a
real possibility that the manning level will have to te in-
creased over the 185 man zonstraint,

1,2 3Baseline Ship Characteristics

The comparative analysis will be conducted in chapter
five of this paper. The baseline ship characteristiecs and
weights necessary for the analysis are shown in tables 1.1

and 1.2,
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Light Snip Displacement
Tull Lc¢ad CTisrlazement
Tanning

Propulsion

Zlectrical

Armament

2,777 tons

3,617 tons

185

(2) L& 2500 Gas Turbires
4Q,N00 SH? total

(1) Sharft

(1) Controllable Pitch
Propeller

(4) 1000 K# Diesel
Generators

(1) MK 13 Guided Missile
Launcher

(1) 76 mm Gun Mount

(1) CIWs

(1) Lamps III Helo

(2) A3W Torpedo Tube

Crcups

PRINCIPLE CHARACTERISTICS 2)

Table 1.1




~%

CROUP = TE3CRIFTICN
1 Hull Structure
2 Propulsiorn

Electric Plant

4 Command and Control

R

Auxillary Systems
A Cutfit and Furnishinegs
? Armament
Light shipw/o Margin
Margin
1

Full Load Displacement

WEIGHT (tors) WEIGHT FRACTICN
1248,55 345
287,04 079
195.72 054
116,13 .032
u40,01 124
218.78 .0EB
93.54 c2s
2708,77 L7LE
£2.91 .019
3617 .47 1.0

A complete listing of all three digit weight groups

required for the analysis can be found in appendix I,

GROUP WEIgHTs (3)

Table 1,2
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CHAPTER 2
SUPERCCNDUCTING PRCPULSICN SYSTE!

2.1 Propulsicn Flant Descripticn

T™he proposed superconducting propulsion system is shown
schematically in figure 2.1, The major components are as
follows:

(2) 1M 2500 marine gas turbtines

(1) Supercenducting DC propulsicn motor

{(2) S3Superconducting LC propulsion generators

(1) Cryogenic liquid helium cooling system

(1) Fixed pitch propeller

(1) Electric propulsien distribution arnd control panel

(1) Liquid helium distritution and control subsystem
With the exception of the propulsion motors and generators,
all of the major components listed above are within present
production capabilities, There has been sufficient study and
experimentation to clearly demonstrate the feasibility and
producibility of the superconducting compornents, The risks
associated with the utilization of these equipments will be
discussed in chapter 5,

The data necessary to establish the performance charact-
eristics and physical dimensions for the superconducting com-
ponents and the cryocgenic cocling system was extracted from
reports published by David Tayler Naval Ship Research and
Development Center (DTNSRDC), Annapolis, Maryland.(5'9) The

data contained in these reports i1s consistent with reports
20
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t0 propulsion
generator #1
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(1) 1M 2500 gas turbine

(2) superconducting DC propulsion generator (20,115 HP)
(3) electric propulsion distribution and control panel
(&) superconducting electric propulsion motor (40,230 HP)
(5) fixed pitch propeller

(6) cryogenic refrigeration system

(7) portable cooldown unit connections

------------- electrical flow path

coolant flow path

SUPERCONDUCTING PROPULSICON SYSTEM BLOCK DIAGRAM

Pigure 2.1
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published by both Westinghouse and M.I.T.

The components in the proposed propulsion plant were
sized to match the existing SHP requirements for the FFG-?7
plus the additional power required to supply the ships ser-
vice electrical requirements. The specific function and de-
scription of each major component is discussed in the follow-
ing subchapters. The integrated ship service electrical
system will be discussed in chapter 3.

2.1.1 IM 2200 Marine Gas Turbine

Two of thege prime movers are ingtalled in a split plant
arrangement, These are the same prime movers presently in-
stalled in the FFG-7, Each turbine is rated at 22,380 HP at
3,600 RPM. This is slightly higher than the FFG-7 rating due
to the electrical system integration and hence, the need to
drive an additional normal conducting AC generator. =Each t;r-
bine is coupled directly to the tandem generators. All clutch=-
es and reduction gears have been eliminated and there are no
mechanical connections between the turbines and the propeller
shaft. The IM 2500 operates on gaseous fuel, JP4/JP5, marine
diesel, or heavy distillate fuel. The specific fuel consump-
tion (SFC) at 22,800 HP is .39 1lbs/HP-hr. The SFC graph for
the IM 2500 for various power levels is shown in figure 2.2,
As seen from the graph, the SFC improves as the power level

increases,
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2.1.2 40,230 HP Shielded Suverconducting Motor

The CC propulsion motor is an acyclic motor utilizing
liquid metal collectors and a superconductive winding in a
hexpole, shaped field configuraticn. This machine is a scaled
up versicn of the 3,0C0 HP machine presently being evaluated
by the U,S5, Navy at DTNSRDC, This machine represents an order
of magnitude improvement in weight and volume over normal con-
ducting electric motors. Specific operating characteristics

and physical dimensions are detailed in tatle 2,1 telow,

rated power 40,230 HP

rated voltage 200 vIC

rated maximum current 100,000 amps
rated maximum RPM 180

maximum diameter 73.2 inches
maximum length 145,2 inches
total weight 26,85 tons
total volume 356,63 cubic feet
efficiency (maximum power) 97 .3%
efficiency (% power) 98.6%

liquid helium cooling requirement 5.4 liters/hour

PRCPULSICN MCTCR CHARACTERISTICS (7)

Table 2.1
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2,1.3 20,115 HP Shielded Suverconducting Provulsion Cenera%or

This machine is identical in prineciple to the propulsion
mctor, Each propulsicn generator is driven bty a serarate zas
turbine at a constant speed of 3,600 RFll, A DC generator was
chosen over an AC generator with a rectification sys*em te-
cause the LC generator 1s smaller, lighter, and more efficient,
Specific characteristics and physical dimensions are detailed

in tavle 2.2 below,

rated output 20,115 HP
voltage output 300 VIC

maximum output current 50,000 amps
weight 3.19 tons

volume 30.36 cubic feet
length 5.38 feet

liquid helium cooling requirement 2.9 liters/nour

PRCPULSICN GENERATCR CHARACTERISTICS (8)

Table 2.2

2.1,4 Liguid Helium Refrigeration System

The single most critical auxillary in the propulsion sys-
tem is the cryogenic cooling system, The superconducting

windings in the prorulsion motor and generators require an
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environment at a temperzture of liquid helium and at one
atmesphere pressure, The refrigeration syvstem is designed +o
maintain the superconducting windings at 4, 4% during and be-
tween missions. Hence, the motor and generators will require
cooldown from 300°K only after planned overhaul or maintenance
action, The major components of the cooling system are as
follows:
(1) 0il flooded screw type compressor (online)
(1) Installed compressor spare
(3) Three pisteon expansion stage liquifiers with inter-
stage heat exchange (cnline)
(1) Installed liquifier spare
(1) Portatle cooldown unit with single piston expansion
stage
Specific operating characteristics and physical dimensions
are shown in table 2.3.

2.1,5 Provpeller

The propeller utilized in the propulsion system is a
5 bladed, fixed pitch type. Shaft reversal can easily be ac-
complished with a DC motor by reversing the pcwer leads, This
ability to reverse the shaft negates the necessity to employ
a con%rollable reversitle propeller (CRP) and its associated
control system,

Historically, the CRP type propellers have been trouble-
some, In addition, the CRP type is less efficient and heav-

ier than an equivalent fixed pitch propeller, A brief com-
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quired to abscro the large transient currsncts during shaft re-
versal, The resistors are air and water cooled to prevent
overheating,

The high current, typically 100,C00 amps, characterigtic
of large superconducting homopolar machines require highly ef-
ficient switchgear for propulsion motor reversal. Experimen-
tal model switchgear constructed at DTNSRDC using Multilam
material in the contact regions is 5-10 times smaller and
lighter than equivalent commercially available switchgear.

The use of liquid cooled, coaxial transmission lines with such
switchgear results in a lightweight, compact system, The exact
weight of the transmission system cannot be de*ermined at this
stage, However, a reasonable estimate based on a typical ar-
rangement would bte approximately 9 tons,

2.1.7 Liguid Helium Distribution and Contrcl System

The function of this system is to monitor and centrol

the distribution of the liquid helium coolant to the super-
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Zomprasscer 1.1
comprasser r2) 1.2
Liquifier 1,08
Liquifier (spare) .36
Cooldown unit .35
Valves, piging, 2%z, 272
Total Weight b, 22
To%tal Voiume = «ce=a-
Input power required: 81 KW

/OLUNE (£5°)  # INSTALLED
16,78 1
LE,78 1
52,59 3
17.65 1
35.31 1
26,48 emacaa

243,62

11,2 liters/hour @ 4.4°%

Total Zlcw:

ILIQUID HELIUM CCCLING SY3STEM CHARACTERISTICS(g)

Table 2,3

PARAMETER CRP FIXED PITCH
Rated Power 40,000 HP 40,230 HP
Maximum RPM 160 180
Open Water Efficiency 70% 73%
Diameter 17 feet 17 feet
Weight 31 tons 18 tons

PROPELLER CHARACTERISTICS

Table 2,4
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conducting motors and generators, Inherent in this system is
a rapid crecss cznnect capability for casualty control. Rapid
respens2 *e casualvies is accemplished using installed spares
and valve actauted cross connects. Figure 2.3 schematically
illustrates tne component arrangement ard the location of the
cross connect valves, The function of the portable cooldown

unit will re diecusgad in chapter 2.2,
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n Svstem Overation

The propulsion system can bYe operated in either a split
plant or combined plant lineup depending on the power re-
quired, casualty conditiong, or maintenance requirements.
Either IM 2500 operated in a single plant lineup is capable
of delivering sufficient power for a cruise speed of 20 knots.
The ccntrol of the gas turbines is designed to provide auto-
matic power regulation and fuel proportioning based on opera-
tional speed requirements. The gas turbines will be operated
at a constant speed of 3,600 RPM., Each turbine module is noise
insulated and equipped with a Halon 1301 fire extinguishing
system, The entire system is sufficiently automated to allow
two men to control normal operation.

Each gas turbine drives a superconducting DC propulsion
generator which in turn provides 300 VDC power to the propul-
sion distribution and control subsystem, The maximum current
output from each generator is 50,000 amps. The necessary cryo-
genic cooling is provided by the liguid helium refrigeration

system at a flow rate of 11.2 liters/hour at full power.
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Pigure 2.3
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The generated TC pcwer is delivered to the propulsion
distridbution and control subsystem via the water cooled co-
2xial transmisgsion lines, This subsystem selects the generatcr
source and ccntrols and monitors the system's performance.

Associated with the distridution and control subsystem is
2 zrcup ¢f dynamic braking resistors. These resistors are util-
izad during shaft reversals to absord the transient currenzs
and thus prevent the generators from overspeeding while the
proneller is unloaded.

The surorecenducting IC propulsion motor is capable of de-
livering up to 40,230 HP to the propeller. At full power the
motor requires 300 VIC at 100,000 amps. Supercooling is pro-
vided by the same unit that services the prorulsion generators.
At full power, the motor requires a coolant flow of 5.4 liters/
hour,

The propulsion motor drives a conventional fixed pitch
rropeller a%t a maximum rotational speed of 180 RFM at full
power, This propeller replaces the CRP type presently used
on the PPG-7?, The specific propeller cannot be determined at
this stage but its diameter will be 17 feet.

The heart of this propulsion system is the liquid helium
refrigeration system, This system is designed to deliver a
flow rate of 11.2 liters/hour at one atmosphere of pressure,
The compressor output is compressed helium at ambient temper-
ature and 11 atmospheres of pressure, The compressed gas is

delivered to each of three online liquifiers which reduce the

N




the temperature to 4.4%K, Each liquifier services a separate
superconducting machine,

Rapid casualty conirol is a necessity and requires in-
stalled redundency. The installed spare compressor and liqui-
fier can be quickly put into service through a network of
cross connect valves, Studies indicate that the superconduct-
ing machines could operate for approximately 5 hours with a
loss of coolant so long as the machine remained closed and
pressure tight., However, this capability has not been demon-
strated on full sized machines under actual cperating condi-
tions.

The superconducting machines are maintained at 4.49%K at
all times. 1In the event of a casualty or if routine mainte-
nance is required, the machine must be cooled down again from
ambient to operating temperature as quickly as possible., To
assist in this cooldown, a portable unit is installed on the
warm machine, Cooling from ambient to operating temperature
is a lengthy process requiring approximately 50 hours for the
propulsion motor and approximately 5 hours for the propulsion
generator, The time breakdown for a typical cooldown sequence

is shown in table 2.5 on the following page.
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P=(OTESS MOTOR GENERATOR
Tns*allation of cceldown unit .5 hr .85 hr
100%K to 100%K (constant speed) 31 hr 2.5 hr
100%K to 15°K (constant flow) 6 hr .5 hr
Liquifier installation .S hr .5 hr
15% to 4.4% 12 hr 1 hr
TOTAL 50 hr 5 hr

COOLDOWN ScHEDULE !9/
Table 2.5
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CHAPTER 3
INTEGRATED SHIPS ELECTRICAL SYSTEM

3,1 Introducticn

An integrated ships service electrical system is one
which utilizes a cocmmon prime mover to drive both the prorul-
sicn components anq the electrical generating comrponents.

The definition of an integrated system does not preclude

the use of a mechanical drive propulsiocn system, but ssudies
have shewn that maximum advantage 1s gained when %the integri-
tion is done with electriczal propulsion.(lo)

The most recent naval ship designs use either gas turbire
Zenerators or diesel driven generators to provide ships ser-
vice electrical power, The Spruance class destroyers (DD 963)
utilize three Allison 501-17K gas turbine generators and the
FPG-7 class use four Detroit 16V-14G-TI diesel generatcrs.

The ship designer is faced with the problem of finding space

and accepting the weight for these components and their asso-
ciated ancillaries. In the case of the FFG-7 the weight pen-
alty for these generators is in excess of 100 tons and the space
allocated amounts to several thousand cubic feet,

The major advantages of an integrated electrical plan: are
as follows:

(1) If the SFC of the ships service prime mover is

greater than the SFC of the propulsion prime mover

then greater fuel eccnomy can be realized.
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(2) There will be a considerable reductiorn in both

acquigition ccs* and maintenance requirements,

(3) Reducing the number of 3hip service electrical gen-
erators will ccentribute to greater frequency and
voltage stability since the number of units operat-
ing in parallel isg reduced,

(L) A reduction in the ship's acoustic and infrared
signature can be achieved,

(5) There will be more volume for payload space assign-
ment,

(6) A reduction in manning can often be achieved.

The extent to which these advantages are realized will vary
from snip to ship. In the case of the FPFG-7, the integration
will allow for the removal of the four diesel generators and
their associated ancillaries, A complete analysis of the im-
pact will be done in chapter 5 of this thesis.

Pigure 3.1 schematically illustrates the integration of

the ship service electrical generating equipment into the sup-
erconducting propulsion sys<tem,

3.2 Integrated Electrical System Description

The major components of the electrical system are as
follows:

(1) 2000 KN Normal Conducting AC Generator (starboard)

(2) 2000 K& Normal Conducting AC Generator (port)

(3) Ship Servive Electric Plant Control Panel

(4) Shore Power Breaker Panel
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to propulsion
generator #1

ship service AC generator (2000 KW)

superconducting propulsion DC generator (20,112 HP)
ship service electrical distribution and control panel
electric propulsion distribution and control panel
superconducting electric propulsion motor (40,2230 HP)
fixed pitch propeller
cryogenic refrigeration system
portable cooldown unit connections
electrical flow path

BLOCK CIAGRAM

Pigure 3.1
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hese compornents is shown schematically in

The 60 nertz electrical load requirements for the FFG-

for various cperating conditions are listed in

maximum 400 hertz requirement is less than 150

CCNDITICN

2L Hour Average

Normal Cruise on 10°7

2attle Load

table 2,1,

LOAD (KW)
1300
Day 2400

1800

FRCe7 £0 HERTZ TIEZCTRICAL ICAD REQUIRENMENTS

Table
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Figure 3,2
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3,2,1 Ships Service Zlectrical Generators

The two ships service electirical generators ars ncrmal
conducting AC generators each driven by a L 2500 gas turbire
in tandem with the propulsicn generators. The AC generators
are driven at a constant speed of 3,600 RPM, Zach generator
has a maximum rated outrvut of 2,000 K4 and is designed to de-
liver €0 her®z, 3 thase, LLO volt power during normal opera-
tion, The specific characteristics and dimensicns are shewn

in *anhle 3,2 telow,

Rated Power (max) 2000 K4
Weight 7.38 tons
Volume 90 cutic feet
Diameter (max) 65 inches
Rotational -Speed (constant) 3600 RFM
Length 78 inches

SHIPS SERVICE ELECTRICAL CENERATOCR CHARAC-ERISTICS<11)

Table 3,2

1.2,2 Ships Service Zlectrical Control Panel (SSICP)

The output from the ships sgervice turbine generators is
delivered to the SSECP, This control panel provides for the
monitoring and control of the ships electrical system. The
SSECP automatically provides feedback to the LM 2500 fuel feed
system, provides shutdown for under and overspeed conditions,
high and lcw frequency, high and low voltage, electrical sys-

tem grounds, and provides the mechanism for generator connec-
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<ion and eross connection via the 77 and TC-T5 tis breaker.
The output frcm the SSZECP id delivered to the pert and star-

becard, vital and non-vital treaker panels.

‘2.2

1 400 Hertz Static Frequency Conver+ters

Aside from switchboards, breaker panel, rectifiers, and
transformers, the last major compcnents in the electirical sys-
+em ara *the U400 hrertz c*tatic fraguency ccrverters, These de-

vices are designed to convert 60 hertz, 440 volt input to 400

D

hertz, 440 volt output. The static frequency ccnverters r

-
-

(3}
(%]

place the more commonly used motcr-generator sets, The =7
has three static converters installed each with a maximum rat-
ing of 150 KN, A functional bleck diagram of a typical ztatic

frequency ccnverter is shown in figure 3.2 belcw,

60 Hz RFI Y DELTA PHASE
LLo v PILTER INPUT CONTRCLLED RILTER
>“"———""" XMFR RECTIFIER |

L
4LOO Hz
it - - ‘- nq et
€« FILTZR CKT XMER
%——‘ L

BICCK DIAGRAM of 60/4L00 HERTZ STATIC FREQUENCY CONVERTER

FIGURE 3.3
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3.3 Ships Service Electrical System Crperation

Ship service electrical generator lineup is centrolled
at the SSECP via *he %urbine generator (7G) breakers, If
only one zerera*or is needed c¢r desired, the idle gererator
can be secured by opening its TC breaker and the on-line gen-
erator can supprly to*h the port and starboard busses through
i+ts TG treaker and the TG3-TG tie brea¥er, In all tut severe
cold weather conditicns one generator can supply the entire
ships service electrical demarnd. The synchronization ard
menitoring of *he gererators is done at the SSECP,

The output of the SSECP is delivered to the port and
starboard, vital and ncn-vital breaker panels, Sys*em cross
connection during cne generator operaticn is achieved via <the
cross connect breaker located on the port and starboard vital
breaker ranels.

Cutput from the four major breaker panels is delivered
to.the vital load switchboards, non-vital load switchboards,
and the 400 hertz breaker panel for distridution., Shore power
ig provided via the shore power breaker panel to the vital
breaker panels while in port,

The 400 hertz breaker panel delivers input power to the
three static converters, 400 hertz power is then delivered
to system loads via the 400 hertz control and distribution
panel, This panel also monitors and contrels the operation
of the static frequency converters, Cne on-line ccnverter

ig sufficient to meet all the 400 hertz power demands,

L1




electrical system carn e dene by cne man g+tationed at the

33=CP. 1t is expected that in the normal crulising mode enly

The 7FG-7 should be cagatble 0f making atcus 0% ¢f i<3s nmax-
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CHAPTER &
TWIN SCREW, INTEGRATED PROPULSION SYSTEM

4,1 Introduction

The propulsion plant and electric plant described in
chapters 2 and 3 respectively are for single shaft designs.
Since the FPG-7 is a single shaft ship, the previously prec-
posed systems most closely resemble the present installaticn.
However, for the sake o0f completeness and in an attempt tc
fully maximize the benefits of a superconducting, integrated
prorulsion plan:, a third candidate will be analized,

Historically, twin screw ships cffer better manﬁverabil-
ity, improved reliability, and greater operational flexibility
than single screw designs. FFG-7 design constraints precluded
the uge of a twin screw arrangemen®t because of the inherent
greater weight and volume requirements associated with these
designs. The anticipated weight and volume reductions due to
the superconducting, integrated propulsion installation may
make a twin screw propulsion plant a viable alternative,

A twin screw, superconducting, electrically integrated
propulsion plant will be described in the following subchapter
and analized in chapter 5 with the two previcusly proposed
systems. A twin screw, non-integrated system will not bde
evaluated.

4,2 Provoulsicn Plant Descriotion

The twin screw propulsion plant is shown schematically

b3




ey

in figure &,1, As can be seen bty comparing with figure 2.1,

ug

trhe cnly differences are *the addition of a2 second shaft, pre-
reller, and prcpulsion motor., The single shaft system usas
one 40,230 HP motor and the twin shaf+*t system uses two 20,115
HP motors. The gas turbines, ships service electrical genera-
tors, propulsion generators, and crycgenic refrigeraticn svs-
tem are identical in design and functicn, I!'inor desizgn medi-
fications in the distritution and control sutsystem will te
necessary,

In the normal cruise mode, one gas turbine, one prcpul-
gion generator, one ships service electrical generator, and
both propulsion motors will be on-line, =Zither turbine/ gen-
erator system can drive either prorulsion motor., TFor full
power operaticn, each turbine/generator will drive a separ-
ate propulsion motor. As in the previously described plants,
shaft reversal is accomplished by reversing power leads via
the distribution and control panel, Hence, a single turbine/
gZenerator can drive the two shafts in opposite directions by
simply reversing power leads on one of the motors., The same
type breaking resistor subsystem is required to abscrb hizh
transient currents during crashback evolutions.

Since the total required torque is now divided between
two shafts, *the propeller speed will increase to approximate-
ly 250 FFM and the propeller diameter will be decreased to

rproximately 12 feet, As with the previocus designs, *the prec-

pellers are 5 tladed, fixed pitch tyrpes.
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Figure 4.1
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The reducticn of the propulsion motor size will allow
for a mcre rapid ccollcwn preocess. Cooldown frem ambient to
w.w K C&il e accomplishied In appreoximately corne half the time
require? for the 40,230 HP moter, apoproximately 24 hours.

Srecific characteristics of the 20,115 HF prepulsion

Y]

motor, rronallars, and cooldown schedule are shown in tatles
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Tavimum Zliameter
Maximum Leng+*h
Total Weiznt
-otal Yolume

o omrs ™
Taximum AT

Ziquid Heliun Cooling Requiremant

2G,115 HP

320 VDC
50,000 amps
36.€ inches
72.6 inches
12 tons

45 cubic reet
250

2,7 liters/nour

Rated Power

Maximum RPY

Cren Water Efficiency
Diameter

Weight

PROPELLER CHARACTERISTICS

l

Table

53

Table 4,2
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20,115 HP
250

73%

12 feet
12 tons
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nstallaticon of Zooldewn Unit .5 hr

200%K +o 120% 2 *ant s ) b

2 to 120K (ccns*an® speed) 13 nr

«AnCv & 4 20 + + €

L2C7¥ +5 137K (conc*an*t flow) 3 hr

Liquifier Ins*allation .5 hr
.0

15%K to 4.4°% é hr

Total: 25 hr

B

20,118 HP? FRCFULSICN "CTCR CCCLCCWN SCHECULZ

Tatle 4,2
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CHAPTER &

CCMPARATIVE ANALYSIZ

€.1 In*roduc*icn

The necessary data and design charac*eris
+0 the prcpcsed surercenducting Ireoru
cred in ~khap*ers 2, 2, and 4. A comple=e listing of the modi-
fied BSIC weizgh*t groups is provided in arvendix I. Scecific
weizht data fcr the FFP3-7 is provided in aptendix IZI.

Three prcrczed medificaticns will Te analized and evalu-

ated., The *hree candidates are as follows:

Candidate # Brief Descriction
1 single screw, superccnducting elec
puslion, diesel generatcr ships service elec-

trical system

2 single ccrew, surerconducting electric pro-
pulsion, integrated =ships service slectrical

system

)

twin screw, superccnducting electric pro-
pulsion, integrated ships service electrical
system

The majer analytical tool to be used is a ships synthesis

1(12)

mode developed for the design ¢f destroyer tyTe ccmbat-

ants. A brief description of this synthesis mcdel will te

L9




Ziven in subcharp*ter £.2. The specific input values and fecrmat
“or *he <hree candida*es are detalled in aprendix III. A de=-

ralled listing ¢f *rne cu*rtut values for each candidate is zre-

The cu<tput of the snips synthesis model will be zZross

*ice, area and volume data, statili“y data, maximum
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“0 te 4,20C ™ @ 2C knots. This *00 ccircides with <he FF3--7,

The analysis will center on nine comzarative areas as

(1) gross characteristics
(27 maximum sus+*ained speed
(2) endurance fuel requirements
(4) gereral arrargements
(¢ rpayload
(4)  wvulreratility/survivability
(7) risk
(8) maintenance
(9) cecst
The three candida*tes will te compared in each ¢f *he above are-

as. The cbjective ¢ the analysis i3 essentially twcfcld,




Pirst *0 de*termine 1f ary of the croroged carndidatas ¢ffer an
imrreved design over *ne FFZ-7, An "imrCroved” design, in <he
contex*t of *his thesis, is cre which prcvides a missicn equl-
valent ship which mee%s cr mcre closely meets the criginal
FP:-7 desizgn constraints, Secondly, tc identify the &
elements which are mest impacta2d, either beneficially o¢r ad-
versely, Ty a shif%t to a superconductirg prorfulsion system.

The cutput of the ship synthesis mcdel will be srecific
data relating %o gross characteristics, sustained speed, and
endurance. The ccmparative analysis of the remaining six are-
as will be primarily subjective, tut supported wherever pcCs-
sible with historical data, generally accepted desizn rractice,
and the au*hors Ttersonal experlience and kncwlezde.

5,2 Descrintion of the Ship Synthesis MMcdel

The ship synthesis mcdel provides a methoed of estima*ting
the .weight, volume, electrical load, speed, and owerall ship
characteristics of feasible naval surface displacemen® shirps.
This ccmputer program has been verified to give accurate results
for monohull ships which range in size from 200 t¢ 700 feet in
length and frcm 1,700 to 17,000 tons displacement., The mcdel
does nct attempt to define or check the arrangements required
for the ship; therefore, highly arrangement dependent calcula-
tions cannot be ferformed using this mcdel, These irclude
damage statility, topside arrangement, internal arrangements,
longitudinal balance, and streng*h calculations.

The synthesis model does rrovide soluticns tha* sa+ic?
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required, Thirdly, <he energy available must at leas:

meet tne energy reguired To Crovid:s tne snip's electrical de-

mands and t0 trcpel the ship at the recsulred scea2id,

(2)

(L)

-~
N
~—

(6)

ment and center of gravity zased on a2 set 0F rela-
tionships and rules,

Selecting the proper geometric relationships for
naval surface ships to match the hull form to the
displacement and center of gravity,

Linear fi%t for the selected hull form to the regis-
tance and powering curves,

Caleulating the w

0
-

zht of the specified rayload

items and other ship equipment tc determine a mor

el
ct

exact value for full load displacement,

Calculate the center of gravity based on specified
ship configurations and compare to the estimated
center of gravity.

Calculate the volume required and match *this with
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~ne ralculazed hull dimensions.

2 Daw

ovm elen+rizal lcad calculazions.

LA

—

JAampare o~y ment sizins relasionships with the

D g

existing snip dimensicns,

~

)
-

R ]

cr
)

crate through the above steps until all of the

in a srecified tclerance cr

il %k» maximus number of iteraticrns has been
Cerveormed withous cbtaining viable solutions, in
which cagse %thea shiz as specified i1s declared infoa-
sitle.

This particular synthesis mcdel willl ccenverge accurately
+0 the final coenfiguratiocn as the input data is refined. The
rate ¢f convergence is a funciicn of the dezgree of inrzut sgec-
ification which can te srpecified to any degree.

€, Comparative Analvgis

Before prcceeding with an in depth comparative analysis,
it is important to clearly establish the sitreng+ths ard weak-
nesse2s ¢f *he synthesls model to be used. A comparison n°
this model with the design mcdels presently used by bcth tha
U.S. Navy and Coas*t Guard showed a good correlation. In par-
ticular, this synthesis model proved to be very accurate for
the FF3-7 class ships. Most of the computed values agreed
within a few percentage pcints of the actual values. A *acit
assumption in using this model is that the results will
sufficiently valid for a gocd analysis.

The synthesis model that is used does not atemp: <c
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optimize the design solution. The rfrogram is executed %o de-
+ermine a Feasitls ship design, but not necessarily the bes*
design, Different runs can be made to determine the desizn

sensitivity to various design parameters.
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£.27.¢ (Ccmparisecn of Gross Characterig+ing

9]

jo

Four rarametars which provide a gcod m
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size are length, bean, draft, and full lcad displacement. In
*his analysis the leng*th ¢f all three candidates was fixed a*%
LC8 *fee+t (LBF), the same as *the FF3-7, This was dcne %o re-
duce the variability of the desizgns and to force a scluticn
similar to the FFG-7.

The calculated beam at the midships waterline of =*he
thraee candidate shios 1g 42.01 feet, 41,57 feet, and 41.47
feet for ships #1, #2, and #3 respectively. This ccmpares
with a beam of 44 feet for the FFG-7, These results reflect-
a finer, more slender design, The finer line of these ships
contributes to a reduced water plane area and a corresronding
reducticn in hull resistance. This reducticn in we+tted sur-
face area is the major factor contributing tc a slightly hign-
er maximun sustained speed for all the candidate ships.

The computed draft of the three candidate ships was

15.61 feet for #1, 14L.96 feet for #2, and 15.2 feet for ship

s

2., The full load displacemsnt Araft of the FF3-7 if 15.0

'Yy

eet.,




=<

~cdel assures %tha*t Tna s%ablility o azoitooll-

crovide any specific irformation
ndlizacte

s<abili<y analysis or =zne

@]
(%]

taking the ccmblned effects of changing team and draft

cy

into

account. The following relaticnshirs are used o deiermine
. . 5 17

the imbact cn Stabllltysl~'1”)
(1) ©CM = KB + 2 - X3

(2) K82 =7 -

1/2 x (/2 = 1/4a}

rwater voiume
mum secticn ares
~

~

(3) EBM = 7

B = beam a%t midship waterlirs
¥V = underwater volumg
Ca = ,0733 CP + ,0026
(L) (B)(LBP,(C

Area = wP)

3 = beam at midship waterline
C = water plane coefficient

WP
.425(cp)(cx) + ,526
Volume = (B)(T)(LBP)(CP)(CX)

where:

prizmatic coefficient

.59 for all candidates
Cx block coefficient

= ,75 for all candidates

where: Cp =

-

Aprlying the above

erated by the synthesis

relationships using the values zen-

model yields the follewing results,
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SHIF 4 el T ! o s/
1 10,36 11,546 12.C5 2.3 .CSC
2 5.53 11.75% iT.3 3.75 L2235
3 10.0$ 11.48 17.82 2.75 .00
FFG-7 11.0 10,91 19,40 7,07 07

The actual valiue ¢? GM and in particular the ratio cof
3U/B are good Lndlicasors ©F the statlilisy of ins varizuz
ships. In all three cases *thzre 13 an inzrovsanznt in 31 an?
an increase in the ratic Gl1/3 compared =0 the 775-7.
implies that the szability o all tnres candicates wilil ze
better than the taseline desizn.

The impact of increasing ZM in *he candidate ships is
alsc importan* in cemparing roll veriods of the various de=-
signs. A good aPprroximation for roll period for des*royer
type ships is:

J4 B
(oM) %

roll period in seconds =

Applying this relationship to the candidate designs results

in a roll pericd of 9.4 seconds for all three ships. This

ccmpares with a roll period of 10.4 seconds fer the FFP:-7,

A reasonable roll period is in the range of 8 to 12 seconds.

Hence, all four ships fall within acceptable design ranges.
The following generalizations can te made concerning the

impact on seakeeping due to an increase in draft.

(a) permits better propeller immersion
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(b) permits larger, more efficient propeller

(¢) precmotes better handling in heavy winds

(d) promotes directional stability

(e) requires and permits a larger rudder

(f) reduces the probability of slamming

(g) 1increases sea speed if ship is slamming limited

All of the candidate ships have draftis equal to or great-
er than the F¥G-7 and hence, the seakeeding and stability char-
acteristics of these rroposed designs will be as goocd as or
slightly better than the baseline ship. The addition of fin
stabilizers would further enhance these characteristiecs., Fin
statilizers were slated for installation in the PFG-7 bu<: were
cancelled in order %to keep the displacement and cost down. The
fin stabilizers require a 30 ton weight penalty,

The fourth major characteristic to be considered is the
full load displacement. As seen from table 5.1, all three

candidates reflect a considerable reduction in disrlacement.

SHIP # LIZHT SHIP FULL LOAD FULL LOAD NET CHANGE
FP1-7 2708 2617 -—--

1 2583 3430 -187

2 2400 3252 -365

3 2439 3294 -322

CCMPARATIVE DISPLACEMENT (+ons)

Takle 5,1
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The decreased displacement for candidate #1 is primarily
due to a reducticn in weight groups 1 and 2 and a reduc=ion in
+he variable loads. This ship is physically smaller than <*he
baseline tecause of the reduced beam. Hence, this design re-

quires less structural steel, less shell plating, and less deck

material than the FFG-7. The smaller hull cf candidate #1 a2c-

counts for a 26 ton, 2% reduction in group 1 weight, The =7
ton, 31% recduction in group 2 weight is primarily due %o the
elimination of the reducticn gear arnd the replacement of the

CRP. The variable load reducticn of 42 =cns, 2%, is atsrituted
to reduced endurance fuel requiremen*s (54 tcns) and reduced
lube 0il requirements (8 tons,. This candida%e exceeds thne
target displacement of 3,400 ifons ty 20 tons,

The large reduction in full load displacement of ship #2
is due to the reduction in weight groubs 1, 2, and 2 and %o a
reduction in the variable loads. This design is also physical-
ly smaller than the baseline and, like ship #1, requires less
structural steel. The additional reduction in group 1 weight
is due to the elimination cf the diesel generaicr foundaticns.
The group 1 weight for this design is 91 tons, 2% less than
the baseline group 1 weigh%. The 8% ton, 32% reduction in
group 2 weight i1s primarily due tc the elimination of the re-
duction gear and the replacement c¢f the CRP. There is a signi-
ficant 113 ton, é1% decrease iIn group 2 weigh* due to the elime
ination ¢ the diesel engines, diesel engine ancillaries, and

diesel fuel and cooling water piping systems. SXeduced fuel
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and lube 01l requirements account for a S ten, 7% reduction

S
[} ¢]

in the wvariable loads. This design is 1 tcns uander <the 2,400

ton targe* disblacemen*.

Candidate #7 is gsimply a twin c2rew adap*aticn of candidate

#2. The notable, 31 ton increase in srcup 2 weizh*t is due to

-~

the additioral shafting and progeller., Trere i3 alz0o a 7 *2n
increase in the endurance fuel reguired ov:zr candidate #2. Ihis

desizn is 10€ tons uncer the 3,00 =on tarze~ displacemen<,

§,7,2 Ceomparison o0f Maximum Suz*aired Iceoed

D
n

The maximum sus*ained speed for a2ll thre- candida*
showed an improvament of between 1 and 1.5 Xnc%s over tha
PPG-7. The factors cecntrirtuting to the increase are as fol-
lows:

(1) A reduction in *the weited surface area with a corres-

sponding reduction in hull resistance.

(2) Improved efficiency of the fixed piich prcreller

over the CRP.
(2) A small increase in the installed horsepower.
The 3% improvement in proreller efficiency coniributes %o an
increase in the overall propulsive coefficient(PC), For a
specified value of effective horsepower, an increase in FC
will increase the value of shaft horsepower since SHP = (EHP)(PC
The three proposed designs each have 220 more installed horse-
pewer than *the FFG-?7. The imbact of the increased horsepower
is much less gignificant than the impact due to *he recduc*icn

in wetted surface area. Shaft horsepcwer varies as the cubpe
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of the speed and significan®t increases in speed requiire larege
increases in pcwer in the high sreed regimes.

2,7,7 Comparicen ¢f Tpdurance Tuel Recuiremaents

The actual fuel locad for the FFZ-7 and the candidate fuel

loads computed by *the synthesis model are listed in table 3.2.

SHID # ENDURANCE <HP TIEL(tons) NET CHARGE!+~r-=)
F?5-7 7,L00 269 _—-

1 6,566 cLg -2y

2 €, 454 552 -t

3 6,485 556 -43

ENDURANCE ©PUEL STQUIRTMENTS

Table 5.2

Provulgion fuel weight is computed as follows:

Won = (Endur) (SHFE)(1.1)(SFCAED) (1.1)/(Vgy4) (2240)

END
where Endur = Endurance in NM
SHFE = Endurance SE?
1.1 = Tail pipe and Structural allowance
SFCAED = Specific Fuel Cecnsumption at SHFE
1.1 = Hull Fouling Allowance

1, = N -
,END Endurance Speed in Kno:is

2240 Conversion Factor from Lbs to Tons
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Electrical genera*ing fuel weight is computed as follcws:

Wgo = (Endur) (KW22AV) (1.2361)(1.1) (SFC24)/ (Vo) (2200)

where Endur = EZndurance in I
K¥2LAV = 24 Hour Average Electrical Load in K&
1.341 = Conversion Pactor from KW tc HF
1.1 = Tail Pige and Structiral Allowance

SFC24 = Specific Fuel Consumption at the Kw24AY
Power Level

-
<
[}

Endurarce 3peed in Xnots

END
2240 = fcenversion Factor from Lbs to Tons
Total Fuel = W + W
a PF EF

The various electrical loads conditions for the four

ships are shcwn in table 5.3 below.

SHIP 3 CRUISE (KW) BATTLE(KW) 24 HCUR AVG(XW)
FFG-7 2500 1800 1300

1 2172 1720 1262

2 2113 1663 1208

3 2126 1672 1219

COMPARATIVE FITCTRICAL LCADST

Tahle 35,7
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The reduction in rropulsion fuel requiremenis for the
+hree candidates can be attridhuted tc a lower endurance SHEP,

Endurance 3HP is calculated by the synthesis mcdel using Tayler

n

Standard Series estima*icnsz., This reduction in SHPE can be
attriduted to (1) a reduction is wetted surface area and (2)
improved propeller efficiency. Propeller efficliency was an
inpu* to the synthesis ncdal and was uszed in the calculatizcn of
the propulsive coefficisn%, STCAED was taken as .57 lbs/4P-HR
for all shipzs a* the endurance pcwer level,

The prortuision/electrical fuel breakdcwn for each ¢f <he

four ships is shown in table 5.4 below,

SHIP PRCFULSICN FUEL(tons) ELECTRICAL FUEL TCTAL %CEANGE
FFG-7 513 86 599 ---

1 462 84 546 -9

2 L47 102 549 -9

3 L4s 103 552 -5

FUEL BREAKDCWN SCHEDULE-
Tatle 5.4

Integrated electrical systems typically show improved
fuel economy over non-integrated systems. This is nct the
case here, however, for the two electrically integrated de-
signs being considered in this thesis. Improved fuel economy
occurs only if the SFC of the integrated prime mover is lower

than the SPC of the non-integrated electrical generating prime
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mover. The 37C of *the L3 2500 at the 24 hour average KW level
is .57. The SFZ for the diesel enzines at the same power level
is .43. However, the integration 4id contribute *c *the overall
reduction in reguired fuel bty acccunting fecr a 118 ton reduc*isn
in weight and a 20,000 £+° reduction in requires vclume. The
impac*t or volume considerations will be discussed next.

- [ j ~ . -
2,2 L TcmTsvicogn 0F Genmergl Arvanzesments

The ac*ual vclumes ¢f the FFG-7 and the candida*e ship

volumes computed by the synthesis model are cshown in <table 5.5

below.

SEIP INTERNAL(£t) SUPERSTRUCTLRE(£42) TCTAL

FFG-7 409132 82118 1491250
1 374662 110705 485367
2 353662 110705 Lé4u367
3 157223 110705 n 467928

CCMPARATIVE YCLUMES
Table 5,%

Table 5.5 shows a 5,883 £tJ, 1.2% reduction in total vol-
ume for ship #1. This reduction is attributed to the follow-
ings

2

(a) 400 £+7 for CRP ancillaries and ccntrol

"
(b) 23070 ft- for removal of reduction gear
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s, 2480 7% far fuel removial

4 2720 f£=- for removal ¢f ghafting and rtearings
] . . .

Le) 250 £+<7 for remcval of Iube oil

Tabl~ 2,5 szhcws an additicnal 21,0CC f4-, £,3% reduction

30 £t for diesel auxillary equitmen= ramcval

—
@]
~
‘N
-
(98]

{¢) 2,000 ft3 for diesel intake and exhaus+®t duct removal

(d) 175 £<° for diesel lube o0il removal

(e) 300 ftj for fuel f£illing and %ransfer pircing, con*rol

panels, and cperating staticns.
The additicn of the two ships service electrical generators
requires an additicn of arproximately 75 ft~,

Ship #3 is essentially identical to #2 excep:t for the
additicral prcpulsion motor, shafting, breaking resiztors
cryocgenic piping, and fuel cil., Ship #3 shows a 23,372 £t
4,8% reduction in total required volume compared to *he F?:-7

Candidate #2 reflects the largest reduction in required
volume, 26,833 ftB. £ the decision were made %0 enlarge this
dezign to the same hull dimensions as the F73-7, then there
weuld be arproximately 20,200 ft3 excess volume which could te
assigned %o additional equipment or functions, A similar

;

statement can be made about ship #2, Candida<%e #1 shows
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little rzremise o previding much excess volume gsince the re-
quired volume is only 5,200 £%7 less than the baseline ship.
HYewever, ship #1 would provida for better arrangement flexi-
pili+y of the machinery sctaces.

Four areas of interest are affected by the excecs volume

aforded by *the itwo surerccrnducting, integrated designs.

Pirz*, the fin s*abilizsrs can now be added without sacrificing
atace Tresently assizned to other functions. Thesze designs

can atscrb *the 3C *tcn weilzht penalty for the fins ard s=ill
remain telcw a Tull lcad disrclacement ¢f 7,400 tcns,
Secondly, the excess volume could be dsvete?d %o additicn-

-

al magzazine space or c*ther rayload ccnsideraticons. The impac*
on paylcad will be diszcussed in further dezall in the following
subchapter.

Thirdly, the additicral srace makes 1%t Ddossible %o relo-
ca*e poten+*ially vulneratle sraces like ZIC and Weazons Zcon*rol
Centers., Several critical zcntrcl szaces cn the FPG=-7 are pre-
sently lcca*ed high in *the supers<tructure bhecause of inzufrfi-
cien* hull arrangement space, These and cother vulneraxili=y/
survivinility ccnziderations will be discussed in a la%ar sub-
chap*=r,

Lastly, there is a real possivility cf having to increase
the present manning lavel cn the baseline ship, The addition-
al required livirg sraces cculd te alloted without infring-
ing on sraces already desizna*ed fcr other functions or reduc-

ing the habitabili<y standards the FFG-7 pPresently enjoys.
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The inszalled armament ¢ the tnree candidate snips ig

%=7. This was done %0 en-

2 - 2 e
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torside gvace, woizh%t, and te*al volume., All three candida*es

for 2ddi<ional
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0f the Tropocsed d4esizgns show any rotential for increased tor-
side scace. niz is grimarily due *to having constrained <hre

137 to LCB f=2e%, Surerstructure volume 1s usually a functicn

Ship #1 canno*® accep* any additional payload withous
further exceeding *he 2,4C0 ton full leoad displacement -arget,
~es #2 and #2 can accept 143 ftcns and 102 4crns ¢f addi-
tioral weigh® respectively without exceeding th2 tarzet dis-
placement, The excess volume in these two decigns has already
peen es*tablisned at approximately 20,000 ftB.

Since none of the prorosed desiens offer any additinnal
topside grace, the addition ¢f gun mounts, missile launchers,
cr tcrpedo tubes is not a cencideration., The most likely con-

d

sideration would be increasing the number of missiles an

'

ot
o)
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D
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D
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amount of gun ammunition. Deszigns z2 an

cculd accommodate a 100 increase in gun ammuniticn {(wz, gp.
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o
Twiz wzuld amount to an addi“icnal weight of 41.%8 tcns and a
~ ' o~ 2 ! : . P ~ H < -
volume of L4,5CC £+, A 10C% Increase in the numter ¢f mlssilecs
1 Q 2AF 423 af oy alvim A mvm fmavanees i Aimmdana
wculd r=gulre 2,200 7%~ ¢f vciume and an Increage 1n <2lsh.ace-

ment o %7 *ons., A 10C% increase in %he *“orsedc load weuld

k! . : t o
require 2,5C0 £t~ c¢f volume and a 14 tc¢n increase In welght,
A 1CC% increase in *“he nuncer o7 missiles, *torredces, ani

ammuni-ion would require a vclume of 146,800 ft

an irgcrease in full lcad diszlacement c¢? 115 *orns. Zarndida*e

ze+ displacemant. Candidate #2 could atscrb cnly a GC
or any ccmtiraticn ¢f the options which adds up t
134 tcns or less.

The important point resulting from the atove discussicn

.

is net so much the order of magnitude of the increases but
that the superconducting/integrated designs offer an opticn
that is rot possible with the present FFG-7 design; a sub-

ncrease in zayload.

@D

} s

stantial

The risk asscciated with these proposed designs and hcw

pae
<t

t might effect the fighting capability of the ship will te
discusced in detail in subchadter 5.3.7.

£,3,5 Yulnerabili*v/Survivability Comparison

Yulrmerapili*y: In the ccntext ¢f this discussion, vulner-

atility is defined as a measure of the likelihood of a chip
sus*alining damage. Hence, 2 highly vulneratle ship is cne

which has a high probability of being damaged, wrether it ic
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neratili<y, Z3come of the major rarametlers are as follows:
1) Tne ship's noise level and acoustic signature
{2) Tne degree of complexity and degree cf reliarili=y

0f Installecd zquicment

th

{2} The manuverability and respcnse characieristics ¢
the ship

(4} The exten® and effec*ivaness 0f %he ship's armcr

D

(5) Location of vital equipment and con*rol sraces

—_
O
~

The ship's infrared signature
7! The ship's radar cross section
(8) Capabilities and limitations of the ship's defensive
and offensive weapons
(6) The extent and effectiveness of equirment shock
hardening
(10) The structural s*reng*h of the ship
The supercenducting and superconducting/integrated desizns
wculd differ from the FPG-7 in only the first five of these
rarameters,
All of the candidates will have a reduced own ship's noise
level, The three major coniributors *o this reducticn ars:
(1) The elimination ¢ the reduction gzear
(2) The eliminaticn of the diesel engines (candidates

#2 and =13)
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(3) The elimination of the CRP and its control system.
Reducticn gears and diesel engines emit low frequency vitra-
tions which are detectable by sophisticated scnars at lcng
ranges, The CRP nolse level is considerably higher than a
fixed pitch propeller because of the CRP hydraulic systenm.

It is difficult tc compare the degree of complaxity arnd re-
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lighility ¢ n ious designs. All of the ships are com=-

plex enginee

8!

ing achievemen*s, Two of the factors ccniributing
to this cemplexity are the level of sophistica*tion ani the de-

1l nave a lazvel c¢f

[

gsree of automation, 11 of the candidate w

sopnistication and auiomaticn equal to or greater than %ha+t c¢f
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ip. Hence, none of the proposed desizns will
offer any relisf in the cemplexity of the ship,
The reliability of the superconducting components has yet
determined, Historically, elesctric mctors and zenera*ors
have proven to be extremely reliable and trouble free. It is
safe to assume that if these devices cainot be designed with
an acceptadble level of reliability, they simply can not te
considered as viable alternatives.

Cne very impcrtant consideration of the superconductin

motors and generators used in these proposed propulsiecn plants

ct

s that of repairadility, The construction and design of these

[N

(o)

avices is such tha* they are essentially not repairatle under-
way, I1f a casualty cccurs to a superconducting motor or gen-

erator, it is essentially lost until re*urn to a reacair
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facility and replacement can te acccmplished. Hence, in order

]
o

r these devices %t0 be viable they must be as reliable as

the shaft, progeller, and reduction gears which also fall in+*c
his non-repairatle underway catagory. The overall system re-
liability can be enhanced bty incorporating sufficient redundency

and casual*ty corntrol as is done with the crycgenic

g

efrigeraticn
system,

I+ is important to compare the reliahilities of *the inte-
grated and non-integrated electrical systems., The FFC-7 has
four sources 07 ships service electrical power, two of which
are needed %o sustain the ships battle load. Candidates #2
and #3 each have two sources o0f ghips service electrical cower,
one of which will sustain the battle locad.

If reliability is defined as the prctatility that a unit

will perform its intended function for a specified pericd of

time, then reliability can be quantified aSt(la)
TTR
R=1- where R = reliability
MTBF
MTTR = mean time t9 repair
MTBF = mean time between

failures
Presen<tly accepted values for mean time %0 repair and mean
time between failures for Navy propulsion systems and the

computed values for reliagtility are shown in table 5.6,

e
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CCMPCNENT MTTR(hr=) M7BR(hrs) 3
14 2500 Sas Turbine 24 4000 . GGLC
AT Tznera*ocr 6 5000 .GGz¢E
Diesel Engine 8 2000 .GG70
(14)
BIECTRICAL ZYSTEM RELIARILITY VALUES ’
Tanle 5.6
The relizbility cf two ccmponents in series is ecual to
the preduct of their individual reliabilitiaz, Therefeore, thse

reliability of the LM 2500/AC Ceneratcr is .$6285 and the diesel
generatcer reliagbility is .$958. Hernce, *he probabili<y <4hat
the integrated system can maintain tattle load is .99S4E1 and
the probability that the non=-integrated system can maintain
battle lcad is ,999%99. There is, then, a measurable tut nct
significant difference in the reliabilities of the *wo sys*ens.
The slight improvement in reliability of +the ncn-integrated
system is due to its redundency. The cost 0f *this redundency
is a substantial weight and volume renalty. It should he no=%-
ed, however, that toth the integrated and non-integrated sys-
tems meet the original FPG~-7 design requirement of being able
10 maintain the ship batile load with one ships service elec=-
trical generator inorerative.

The twin screw design, candidate #2, offers an oprer<un-
ity to improve the overall Dprcpulsion system reliability.

There are scme in the design community who believe that this
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inerease in reliazbili*y is not worth the addi<ional weign+t and
volume penalty. Support for their position can %e fcund in a
7ariety 0f experiments and s*udies tha* shcw that if an under-
water exClosion is sufficiently close to cause damage to ore

screw then there is a high probability that botn will be lost.

Seccndly, they claim that there is little difference in the

)

Parformance ¢f a singls screw ship and a twin screw zhip in the
Oren ocean a* e¢rulse speeds. The other schccl ¢f *thought is
at the improved manuverapility offered by twin screw desiznes

a~ glow gspeeds is an impertant consideration, Crerzzional o=x-

Perience shows that the twin screw ships are consideratly easier

ot

o ga2* underway and easier to navigate in res*ricted watlers.
This imrroved manuverability i3 also significant during unrep
operations where ships are required to oDperate at very clcse
distances. An additional and very important consideration is
that a twin screw design offers greater assurance against the
complezte losé of propulsion due to rersonnel errcrs that cause
casualties to shaft components or acts of God which effect fprc=-
pellers.

Irregardless of which school of thought one supports, the
importan® consideration here is that the surerconducting/in-
tegrated design offers an option which was not possible with
*he ccnventional type prorulsion system utilized in the FFG-7,
In the case of the FFG-7, this ortion could ve exercised wi*h-
out increasing the hull size or displacement.

There is little in the rublished literature tha* suggests
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that the asuperconducting/fixed pi<tch prorpeller ccnfizurati

"
o]
e

enjoys any significant advan<age in respense time over the CX?
design. The CRP design does have *c provide for unlcadinz <he
Frime mcver during transition through zero pitch to guard
azainst cversreeding the turbtine. This function is rof neces-
sary with the electric drive since dynamic braking resistors

can a%scro *he trancsien* currents. Zxrerience wizth electric

‘

drive shows *ha* these systems previde for more accurate ccr-
trol of propeller RFM,

AT present, the FrG-7 does not have any Frotective arm2
aside from its shell plating. There are plans %o backfit the
vital areas such as magazires and critical cecntrol spaces with
a new, light weight synthetic armcring material., This will, of
course, increase the group 1 weight of the FFG-7 and, hence,
aggravate its already overwelgh® condition. Candidates #2
and #2 could both accept in excess of 100 tons of armer and
still remain velow the target displacement,

The question of equipment and control space location is
an on going debate bhetween designers and operators. Critical
equiprments and spaces can best be protected when places within
the hull, Cperators claim that they can test fight the ship
when the Ccmbat Information Center(CIC) is located near the
oridge. The CIC, ccmmunicaticns center, radar rocms, torpedo
magazine, and gun magazine on the FFG-7 are all located abova
the main deck. Some of these areas were located there for

opera*ticnal consideraticns and some because of insufficient
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hull volume., The only two soluticns t¢ this situation are (1)
enlarge “he hull %o accomoda®e more volume or (2) %o make bez-
ter use ¢f existing hull volume. For a ship with <he FFG-
hull dimensions, rcandidates #2 and #3 provide an additional
20,000 ft3 of arrangement space below the main decx lavel,

These designs offer the obpporiunity *c provide greater zro-

tection for critical spaces without enlargirg the FFG-7 null
cr increasing its displacement,

Survivability: For *the following dizcussion, zurvivaoil-

ity will be defined as the the ability cf a shiz t2 zarry cus

all or part of i%t3 assizned mission after incurrin

[his}
(L
)
2}
44

um
4]

Twe major factors determine the snips survivabnility, Firss,
the design and constructicn of the ship and secondly, <he level
07 competance of the crew. Naval architec*ural considera%icns
have little effect on the latter. A well designed and ccn-
structed ship may be lcst due to poor crew response and a well
trained crew may not be able to save a pcor desizn., Hence,
this discussion will center on the design considerations which
centribute <o good survivability.

Pire and floodirg are the two worst casualties tha* can
threaten a ship, with fire being the most difficult <o combat
and the most difficult to design for. There are design sgec-
ifircations, like flcodatle length criteria, which assist the
designer in determining the ships compartmentation and, hence,
Provide some protection at the design level for flooding con-

trol. There are no such design aids for fire protecticn. In

b 7“




additicn, th2 designer has a good deal of centrol in ecstabliiszh-

ing the 3snips intac® and damage stability,.

the locatior and degree 0 redundency of critical cemponents
such as propulsion and electirical generating equitment. The

cholce of where to locate the propulsion compeonents in a con-

+

O

ventizral prerzulsicn zystem iz severely limited by the roa

quiremen* *o have all %he prcrvulsion comgenants “in line” wi<h

o

the shaft, Hence, in designs li%e the 7F5-7 “hese critizal
ecmponents are all grourced tcgeth2ar in a single erngine rocm,

Zlectric propulsion offers the distinct advantage of teing able
t0 serara*e critical rrevulsion cemrenents and increase *he

crovatility ¢f maintalinirg prezulsicon,

e

twin screw, electric opropulsion system offers the highest level
of survivability since the loss of a2 single sha®t or propeller
will not tctally disa®le the ship,

The atility to maintain ships service electrical.power
ig even more impor*tan®t thar maintaining propulsion and %tanta-
moun® %o the survival of the ship, A ship may be able to cen-
tinue fighting without propulsion but it is *otally impotent
as a weapong rlatform withou® electrical power, The P7C-7 de-
zigners tock considerable care to ensure that the electrical
generating capability of the ship could be maintained vy suit-
ably separa*ting the four diesel generators., This separaticn,

coupled with redundency, provides a hizh level of confidence

in the PF5-7 ships service electrical system. This same level
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¢t cenfidence iz not enjoyed by the integra<ted designs, There
are ¢nly two ship service elsciric generators incorperated

in thes2 designs and each is slavad tec a Probulsion prine
mover. As a result, the loss 2% a prime mover not cnly de-

grades the prorulsion sysiem but the elecirical system as well,

The loss of both drime movers to%tally disables the prozulsion

W)
.3
(o

elactrical system,

2,2, 7 Ris=k Arnalysisg

In essence, there 1is li<%le analysis needed %0 ccmiare
the relative risks of the FFZ-7 and tne Srcpcsed candiiates.
A major design element of the FFG-?7 desizn philosochy was lcw
riskx, This was reflected directly in ths design cons*irains<s
ty requiring that the FFG-7 usze only oPeraticnally precwvan,
standardized equirments. The only risX assoclated with the
FPG~7 is the level of autcmation required to facilita*e orer-
ation of the ship with a small crew,

On the other hand, the proposéd designs present the a2x-
tremely high level of risk inherent in any new, unconventicn-

al desien. The Navy has no obperational experisnce with ex-

ct

tremely hizh eleciric currents associated with the

m

ugercon-
ducting machires., The same ls true of shipboard crycgenic

systems. High electric currents and liquid helium are obo-

vicusly potential hazzards to the crew.
The Navy's Present acquisition policy of “fly tefore buy*
will go a leng way in ensuring that the sys*ems will furction

effoctively and safely., There arpPears to be little doubt in
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the minds of the researchers that these systems are rfeacibple
and werkabla, Hcwever, Dprolonged testing under actual orer-

ating conditions is *the cnly way %o de%termine <he s

formance and acceptatility. Therein lies *he risk., <Consid-

&1

erable funding and effcrt will be reguired to take one of

these desisns that far along. This situation is not unliXe
the Surface Effsct 3hip (3ZS) and hydrcfoil Trogran,
Zven 1f these superconducting rropulsion cyastems can e

built to cdperate a*t *their advar*tized charac*teris%tics, ths Nzvy
will have %o address the guestion c¢f the desirability o7 hav-
ing maintenance free, non-repalrable critical equipmen=zs on-
board conktatant shirs.

2.2,8 Maintenance Analvsis

There is a trend in the Navy *oward reducing ontoard
maintenance in favor of increased suztTort by shore and tender
facilities. Such a concept was incorperated into the 772-7,
necessitated, at'least in part, by the reduced manning level,

This concept leads to an increaced use of modularity and ccm-

b

vuter assisted troudleshcoting and repair. Gas turbines are,
as a rule, not overhauled ontoard but simply removed and re-
Placed. The same would be true cf the surerconducting mc*crs
and generators.

A major point of contention with the surerconducting
machines is that they could not te relaired underway, even in
an emergency., This doesn'*t present an entirelv new problem

since there are components in conventional rrobulsion systens
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~rhat fall intc the same catagory; shal*s, reducticn gears, and

ct

eems essential, thern, that the =u-

0

v

tropellers for examvole, I

rerconducting comconents e cdagisred and consiructed s0 as ¢
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have a MT3F at least as high as th
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that mcre mannourz are =2xcended cn dissel engine maintenance
and repair than any cther plece of equirment, It wcould seem

3

he decllar value of this reduction will te zddressed In
detail in the following sutchapter,

5.2.9 Ccst Analvsis

At this time 1t would be very difficult %o zut a price

on the acquiszition and installation of a suzerco:

>3
L
o4
Q)
o
b
33
Jy
td
3
O
]

Fulsion system, Without this data it would te equally diffi-
cuit to determine a meaningful acquisition cos®t ¢f a new frigate
utilizing superccnducting propulsion., This thesis will cover

an econemic ccmparisoen of hcw much a superconduc*ing propul-

cicn system could cost 2and te considered econcmically feasidle,
The ccst ¢f remecving the mechanically driven propulsion
machinery and the giesel generators will be ccmpuited. If these

4]
o)
[
[
o]
=]
o
> |
<t
)
o 2
W)
Q.
3
o
«t
62
D

en installed, then the ccst ¢f remcval
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ered a savings This value will be added

d
oTterating and maintenance savings and the result will
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The maior compcnenis removed frem the baseline shi

+%: zma¥%, bearings, rreoreller, reduction gear, and o
4 b
#2 ard ¥7, <he diesel generateCr sets and Zdlecel sUprort

ITe WEIGHT RATTE COST (1877

Shaft/Bearinzs 49,85  32000/ton 399,700
Froveller 21,75 $200C/ton 8672, 5C0

Reduction Gear -—— $20/SHP 3800, 00C

Diasel Ganera%tors 59.46  $2C00/ton 3118,920
Diesel Surrort 27,08  32000/ton 374,140
Diesel Ductirng 2.C $1000/<0n 32,000

[«
MACHINERY REWMCVAL coemgl1é4e15)

Table 5,7

The remcval of these equirments recults in a cost of

$1,206,208, If the diesel generatorz, ducting, and supper:




underway *ime Der year. This anmcunts to 109 days and iz rs-
Dresentative ¢f a friga%e class zhip. The analysis will az-

sume that SL4% ¢of the underway time is sDent at endurance stee
and tna* <he remaining €4 is srent at full power. Underway

Tuel consunption will %e calculated usin

Vs
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hp-hr for the 1M 2800 at endurance and .29 ltsz/hp-hr at full
iesel engire SFC is assumed *o te .43 lbg/npenr a*
*he 24 hcur elec*trical load ctewer lavel, Tne orice 97 fuel

is assumed %o be $17 per barrel, Mannirg cecscts will te con-

Propulsicn fuel consumpticn Der year a*t Tull pewer is
calcula*ted as Follows:

(SFCFP) (DUW)(2L)(,08) (SHERR) (7,27
EPP 2240

where SFCFF = gpecific fuel ccnsumpticon a2t full Tcwer
DUW = # days underway per year = 1C9Q
i

hours/day (conversion faztor)

(@]
[s,8
It
(G

Lercent unrderway time a* full pcwer

W
™
ja¢)
)xj
g
il

sha®t horserower a* full tower

7.2% = 7,22 barrels/%tcn {(convercion factor,
2260 = 2249 lhs/ton (conversion “actcr)

g0




Prooulsicn Tuel consumption fer vear at endurance ls

‘ N e
(SFCE)(DUW, (24, (.30 ) {ZHTE (7. 27

Fop =
oE 2240
where SFCE = srecific Fuel ceonsumption a* endurance

DUN¥ = # days undarway per year = 109

2L = 24 hours/day (cenversion factor)

[l
™
Lh
9
9]
(8]
O

LGL = GL 9 ynderway time at en
SHFE = shaf* horsepower a% erdurarce

7.22 = 7,27 barrels/ton {conversior factor,

22040 = 2240 lbs/ton (conversion factor.

(13

lectrical generating fuel -sonsumpiion per yvear at the

calcula*ted as fcllows:

[

24 hour average XW load :

(SFC24) (DUW) (24 ) (KW24AYV ) (1.341)(7.23)
E 2240

whereae SFC24 = gpecific fuel consumpiion a* *he 24
hour average KW power level

DUW = days underway = 10§
24 = 24 hours/day (conversicn “actor)
KN~4AY = 204 hour average KW lcad

1.341 = 1,341 HP/KW (ccnversion factor)

]

7.23 = 7,22 bvarrels/vear (conversion factor)

i

2240 22L0 1bs/ten {(conversicn fac<or)

"y

tn

c-al torns of fuel consumed per year = F__, + 7 +




Table %.8 below summarizes *the results cttainrned by acply-
ing the ctreviously defined feormulas. The 7usl values are ex-

ed on <he acs-

%]

tressed in »arrels per vear and the cost 1z ba

IHIP ?ITL POWER ENDURANCE TI=CTRICAL TCTAL ~esT

FTf=" 7,903 33,478 5,527 LB, 0CL BE1s,0e7
1 7,eu8 30,147 6,430 Li, 535 8757,05%<
2 7,943 29,168 7.75c 44,542 2704, i1
2 7,643 29,218 7,267 Lz,182 2727 L0

ANNUAL =T ZCST SUMMARY

Candidates #2 and #3 will realize an additional savirgs
in diesel erngine malintenance and repair costs. The empirical
\
relation used to determine this cos% is as follows: !
- = S Y AuD N [a e W R~ ~ \2/"
Cost = (S.4)(SHP/10CC) + LE?S(SHP/12CC </~
= (G,4) ) 875(15 107 2/3
(9.4)(1500/1000) + 4875(1500/10350)
=37,92%4 per diesel per year

= $71,700 per four diezels per year

Tatle 5.9 summarizes *the annual orerating cost

5]
s
FJ-
3
[is]
¢]

for the three candidate ships.
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manle 5.2

he rresens value (FV) of the operating cost savings
will be cemputed with an assumed discount rate of &4, Tna

discount ra%e fac*cr (C is ccmputed as follcows:

)
DR
+ LR - = ;
o = (1 ) 1 where TR = dizccourn® ra<s

PR DR(L + DR)L

L = life cycle of ship
in years (20)

CDR = 11,46

. {14)
The present value is calculated as follows: ' i*/

)

FV = (cost/year)(CDR

3

ne presen= value of the annual cperating cest szavirnes

o

for the three candidate shipe are as follows:

PV #1 = (358,972)(11.45) = 3675,8°0
FV #2 = (382,754)(11,46) = $959,620

]
h

PV #2 = (380,167)(11.4€) = $91€,713




Tne total savings due to net having %o remove the pre-
Tulsion equipment and the pvresent value c¢f %the operating cocs:

savings are summnarized in ztable 5.10 below,

SEIP EQUITHMENT 2=MCOVAL CPEZPATING CCST(PV) TCTAL
1 381,749 $675,7230 31,657,599
F2 31,209, 203 3936,8z2¢ 32,165,122
#3 31,209,308 36138,713 g2,12%,021

CANDITZATE SHIP CCST SLWIMAZY

The to*tals shown in *able £.10 rerresen®t z realistic low=-
er tounds since all of *he parameters used in the calculations
are lower limits and hence, conservative, The price of fuel
will most certainly rise over %the next 20 years as will the
maintenance and repair costs, In addition, the l1ife cycle of
the ship will likely exceed 20 years.

Using the calculated values in table 5.10 as a guideline,
the superccnducting propulsion machinery is considered econcm-
ically feasible if the acguisition cost of the required com-
ronents is less than 2.1 million 4o0llars for candidates #2 and
#3 and less than 1.7 million dollars for candidate #1. Zx-
tremely tentative estimates place the cost oI the superconduct-
(16)

ing ccmponents at between 2 and 2 million dollars,

these preliminary estimazes are anywhere near accurate, then
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the superconducting rropulsion plants are econemically feas-
ible, particularly in light of the conservative nature of the

cost calcuiations,
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CCNCLUSICNS AND RRCCHMENDATIUNS

The results o7 the analysis indicate thas tne 7GC-7 c.oul:

have been desigred and bullt to the criginal design r

[{]

quire-

ments and consiraints if 2

[©]

upercenducting, electriecally inta-

0]

grated propvuleien gystem had teen avallable. An FFG-7 desicn

utilizing a suverconduc=irg Trciulsion zystem without elecirical
intesration would have exce-dad the design displacement con-
stralint ty apriroximately 77 “crns. However, thig dezizn weuld

(93]

8till recresent an impreszsive 137 tc¢n reduction over the ncn-
surerccnducting design,

The ability *to produce these designs 1s primarily due e
the significant reducticns in weight and required volume, AlX
three candidate designs have seakeeping and stability character-
istics equal %o or better than the baseline ship. In additicn,
the electrically integrated designs have sufficient weight arnd
volume marginz to facili+ate an impressive increase in paylcad.
Candidate #3 0ffers a twln screw option which can now ce con-
sidered tractical,

The most dramatic impact centers on the integrated ships
service electrical system. The resulis of this analysis clear-
ly suprort earlier conjectures and studies about the possibility
of gignificant gains afforded with integrated systems. The pro-
pulsion system presently used in the F®G-7 is nct conducive to

an integra“a2d sys*em because of the transient behavicr of zthe
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za3 turbine; particularly during sharft reversals. The elec-
tric rrovulsion systems proposed in this thesis offer s+table

sens*ant speed Trime mover output whish 1s needed <*o

[
[

congtant frequency elecirical power. The utilization of cre

-

07 these eolectrically integrated systems recesslita“es ithe ac-

]

2zeptance 0F the high level of risk inherent in the desizn.
The wOrx assccia*ed with thls thecis l2ads *o the follow-

{1) An 8% ton, 217 reducticn in propulsion machinery
weizht, exclusive of fuel, can be realized by <he
substitution of a superconducsting prozulsicn sys*em
for the fresently installed systen.

(2) A 113 ton, é1% reduction in elactrical machinery
weight can be realized by utilizinz an integrated
ship service elecirical systenm.

(2) A 26,800 ft3, £% reduction in total required volume
can be realized by substitution of a superconducting/
electrically integrated system for the presently in-

stalled system,

(4 A 265 ton, 109 reduction in full load displacement
car be realized with the superconducting/intagrated
gystem.

(5, A 46 %on, €% reduction in required fuel is possitle

with the superconducting/slectrically intagrated

system,
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17, A suvercenducting/elacirically intezrated Drcopulsion
sysvem 13 nonsglidered ecccnomically feasible if +4he zc-

YiAm A1) o
~ t e / v N
%) A mon-intezracad/surercconducting Trozulsicn dasian

LV agoroxinateil;, s sons, .ess tnan i;s.

I3

The following general conclusicns can he made.

(1) The primary naval architectural impact ¢ “he sucer-
cenducting propulsion system iz in 4he area cf ar-
rangement Tlexibility. Theses systems c¢ffer a lizht-
er propulsicn system and a correspending reducticon

in displacement over other al®erratives. These sys-

~ems also provide the mechanism for allowing the
utiliza*ion of an intezrated ship service electri=-

(2) The trimary rnaval architectural impac* of *he elec-
trical integraticn is in trhe area c¢f reduced weizh=
and volume requirements,

(7, The primary operational impactsz c¢f superconducting/
elactrically integrated svstsms are in *he areas of

reduced noise, reduced maintenance cos=ts, and reduced
’

operating coste,
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(4) ™he ma‘cr drawtacX ©F <he surercengusting/elac=ri-
callv in%tegra%ed cys®em iz the hiznh lavel of risx
inkerent in *heze desisnz, The risk iz zrimarily

atsribu*ted %tc *he uncertzinrity cf the periormance
of the machinesg, *the reduction in system reilabllii=y

due *c the reduc*tion in redundency, ard the gcran<izl

Maraards +o *he crow due *0 high elentris surrents
13 3 b
and lipuid helium,
\ n PO R K LI 3 - _ 3 e m -
(3} The surerccrducting/elactrically intzzrated sysiz-as

- ~

offer considerable peten+tial for imzrived dasligns,
The major considera*icns are in *the areas c¢f in-
sreased paylcad, inrroved seakeeping and gtatility,
and improved vulneratilitv/survivability,
This thesis has touched on several areas wnich reculre
£ rther investizaticn. The most important ¢f these is the
ac*tual desisn and construction of the surerconducting devices,
In addition, further investiga*tion and develorment of %the cryc-

ded. The hazzards assccla®-

a{

zenic refrigera*icn systems is ne
ed with the high elec*ric currents and liguid helium must alse
be explcred and minimized,

All of the superconducting prorulsion s*tudies, bc*h tut~
liched and unoublished, with which the author is familar, ‘
nave deal® with applications to degiroyer +ype, volume limited

decigns, There seems “c te scme preliminary sSuppor® to *he

idea that the benefits gained are proporticral to *he zilze of i

the cv=tem; the larger the system, *he mcre imgressive +has
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zainz., Verificaticn ¢f *riz hydothesis could te achlisved Ty
cenducting an analveiz, similar t0 “he one dore in this %thecsis,
¢n a larzss weight limi*a@d ship such as a CVA, 1Fa, cor LPH.

1€ the vesuylts are as an*icivated, then a 20,000 *cn displace-

ment desisn could be redesiened with a displacement of 23,C0C

ters, a 17% reduction,

o~ - ~ - '~y D k4 1 - Ve Y \
“aXe =h2 fresent Fr5-7 null fcorm, limit $he full load

displacesment t¢ 2,4CC 2tcons, and conduct a de*ailed *radeof?

A viatle propulsion system which ccuples gas turbine
Prime mcvers with electric prorulcsion motors opens +he door
for scme inncva“ive ccnsidera%tions.
ity of installing *he gas *turblines vertically could te invest-
igated., If this could be acccmplizhed, ducting runs cou
minimized, efficiency could te imrproved, and more usatle deck
srace could be realized. I¥ might also te possirle %o lcca*e
*he gas %turtines in such ¢ way that the exhaust gises could
te ducted over the side anu help reduce the shipe infrared
signature and reduce exhaus® ~as corrcsion of masts and an-
*ernas, In addition, propulsion cocmpenents could Ye lcca*ed
and tesiticned to facillitate easy removal ard rerlacemen®.

There are two additional ideas nro* ccnsidered in +his

a0
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nich warren*t further invez<wiga*tion, Firz+%, =he argli-
T euverccendusting electric preopulsicn ccmicrnants wisth
tewar Dlants., This mizh® preva axIrsmely uceful for
newered zutbmarines, There 1z g ccon%tinual otuzh “C roa=-
noise level in sutmarines, The elimina=ion ¢ re-
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Sub Croup Description
350 Electric Plant Repair Parts
3s1 Electric Plant Operating Fluids

Command & Control---Group 4

400 Navigation Equipment

401 Interior Communications
Zquipment

L2 Gun Pire Control Sys<tems

403 Countermeasures{ncn-electric)

4oL Electronic Countermeasures

405 Missile Fire Control Systems

406 ASW & Torpedo Fire Contrcl
Systems

407 Torpedo Fire Control Systems
(Submarines) -

408 Radar Systems

409 Radioc Communications Systems

410 Electronic Navigation Systems

411 Space Vehicle Electronic
Tracking Systems

412 Sonar Systems

413 Electronic Tactical Data
Systems

415 Electronic Test, Checkout, &
Monitoring Equipment

450 Command & Control Repair Parts

451 Command & Control Operating
Fluids
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Sub Greup
Auxillary Systems---Groub 5

500

507
5C8

509
510
511

512

513
514

515

516
517
518
519

96

Description

Heating System
Ventilation System
Air Corditicning Systen

Refrigeration Spaces, Plant,
& Equirment

Gas, HEAF, All Liquid Cargo
Piping, Aviation Lube Cil, %
Sewage System

Plumbing Sys<tem

Firemain, Flushing,
& Sea Water Service

Sgrinkler,
Systems

Pire Extinguishing Sys<em

Drainage, Ballast, Stabilizing
Tank Systems

Fresh Water System

Scuppers & Deck Drairs

Puel & Diesel 0il Filling,
Venting, Stowage, & Transfer
Systems

Tank Heating System

Compressed Air System

Auxillary Steam, Exhaust S4eam,
Steam Drains

Buoyancy Control System
(Submarines)

Miscellaneous Piping Systems
Distilling Plant
Steering System

Rudders
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Sub Grouvp

520

521

522

523
524

525
€26
527
528

550
551

OQutfit & Purnishings--~Grcup 6

600
€01
602
603
604
€05
606
607
608

97

Description
Mooring, Towing, Anchor &
Aircraft Handling, Deck
Machinery

Elevators, Moving Stairways, &%
Stores Handling System

Operating Gear for Retracting &
Elevating Uni<s

Aircraft Elevators

Aircraft Arresting Gear,
Barriers, & Barricades

Catapults & Je< Blast Leflecters
Hydrofoils
Diving Planes & Sztabilizing Fins

Replenishmen* At Sea & Cargo
Handling Systems

Auxillary System Repair Parts

Auxillary System Cperating Fluids

Hull Pittings

Boats, Boat Stowage & Handling
Rigging & Canvas

Ladders & Gratings
Nonstructutal Bulkheads & Doors
Painting

Deck Covering

Hull Inculation

Storerooms, Stowages & Lockers




Sub Group
609
610

611

€12
613

€14

€15
650

651

Armament---Group 7

700

703

704

708

710
711
712

720

98

Description
Equipment for Utility Spaces

Equipment for Workshcps, labs,
& Test Areas

Equipment for Galley, Scullery,
Pantry, & Commissary

Furnishings for Living Spaces

Furnishings fer Offices, Centrol
Centers, & Machinery Spaces

Purnishings for Medical &
Den%tal Spaces

Radiation Shielding

Qutfit & Purnishings Repair
Parts

Qutfit & Furnishings Operating
Fluids

Guns, Gun Mounts, Ammo Handling,
Ammo Stowage(BSCI 700, 701, 702)

Special Weapons Handling &
Stnwage

Rocket & Missile Handling,
Stowage, & Launching Systems
(BsCI 704, 705, 706, 707)

Torpedo Tubes, Torpedo Handling
& Stowage

Mine Handling & Stowage Systems
Small Arms & Pyrotechrnic Stowage

Air Launched Weapons Handling &
Stowage(BSCI 712, 713)

Cargo Munitions Handling &
Stowage




"

Sub Group

750
751

Variable Loads--=Croup 8
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820

Description
Armament Repair Parts

Armament Operating Fluids

Ships Officers, Crew, & Effects
Troops & Zffects

Passengers & Effects

Ships Ammo

Aviation Ammo

Aircraft

Provisions & Personnel Stores
General Stores

Marines Stores

Aero Stores

Ordnance Stores(Ship)
Ordnance Stores(Aviation)
Potable Water

Reserve Feed Water

Lube 0il(Ship)

Lube 0il(Aviaticn)

Fuel 0il

Diesel 0il

Gasoline

JP=-5

Miscellaneous Liquids




Sux Grouv

821
822
825

Description
Cargo
Ballast Water

Future Development Margin

100
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FFG-7 BASELINE 3 DIGIT BSCI WEIGHTS
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WEIGHT GRCUP WEIGHT (tens) WEIGHT GRCUP WEIGHT (tons)
100 266,04 200 0.
101 130.24 201 108,68
102 0. 202 0,
103 61.63 203. 81.6
107 352,74 204 1.89
1113 30.37 235 20,15
112 L3.e1 206 20,15
113 94,13 207 0.
114 '128.0 208 c.
115 34.39 209 4,75
116 0. 210 4,74
117 0. 211 20,64
118 a. 250 2.0
119 39.21 251 16,12
120 3.1¢9 Group 2 Total 287,04
121 0.

122 1.7 300 108,59
123 18.8 301 23,45
125 0. 302 33.86
127 0.82 303 17.84
128 7.1 350 2.48
150 18,11 351 9.5

151 18.27 Group 3 Total 165,72

Group 1 Total 1248,55
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WEIGHT GROUP WEIGHT (tons) WNEIGHT GRCUP
400 3.96 506
501 12,34 507
402 4,99 508
803 10,44 509
Lou 5.63 510
405 5.98 511
406 2,86 512
407 0. 513
408 11.73 514
Lo9 14,95 515
b10 2,98 516
411 0. 517
412 23,57 518
413 7.08 519
b1s 1.85 520
k50 .79 521
451 6.98 822

Group 4 Total 116,13 523

524
500 11,58 525
501 70.05 526
502 26,37 527
507 2,21 528
s0UL 7.26 550
505 17.68 551

103

WZIGHT (teons)

41,30
16.89
16,74
17.14
.94
40,40
0.
34,37
.87
0.
c.
6.04
11,79
31.43
45,12

7.79
3.06
31.66




WEIGHT GRCUP NEISHT (tons) WEIGHT GRCUP WEIGHT (tons)
Croun & Total 449,01 708 5,58
710 0.

600 L .83 711 0.
601 12.09 712 .23
€02 6.68 720 0,
603 L2,.53 750 4,57
604 24,77 751 1,04
605 18.11 Group 7 Total G2.<4
606 24,32
€07 58,82 800 21,47
608 39.99 go1l 0,
609 6.69 802 0.
610 9.26 803 41,28
611 18.93 go4 9.3
612 31,45 805 21,55
613 17.89 806 22,11
614 1,79 807 18,53
615 0. 808 a.
650 .63 809 0.
651 0. 810 0,

Group 6 Total 218,78 811 0.

812 27,6

700 19.53 813 0.
703 0. 814 14 46
704 62,59 815 0.
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WEIGHT GRQUP

WEISHT (tons)

816 599.58
817 0.
818 0.
819 63.81
820 0.
821 0.
822 0.
825 68.91
Group 2 Total 829,79
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The ollowing is a complete listing of the data used as

«t

tc the ship synthesis model. A ccmplete description

inTu

W2 fcrmat can be found in appendix A of reference (12).

[0

CANDIDATE #1

20 4300 4€8 0 0 .59 ,75 0 0 6 L0220 0 0 2 1

04000100000 .2000210017 15 1572
50000120 .06 01020 .12C .05 02102
121251271 %1 148161 8681¢E51 751103

1 102 1 116 8C0 119 10000 124 1 131 40 163 2 180

1 185 1 190 6 200 1 204 1 208 1 209 1 212 1 212 1 214
L 215 193 217 10 216 1 221 12 226 1 220 1 232 1 242
320

30.37 28.1 94.13

34,64 ,001

.001 .001 39.21 3.19 .001 1.7 18.8

. 001

.82 7.2

18

18.27

.001 53.39 .001 67.85 1.89 20.15 26.17 .001 .001 4.75
L.7L 3.2

2 16.12

108.59 23.45 33.86

2.48 9.5
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£C0
610

950

3.96 12,36 4,69 10,44 5,63 5.98 2.8€ .001 11.72 14,
2.68 .001 23.57 7.08

1.85

.79 6.98

11.58 70.05 26,37 2,21 7.26 17.68 41.3 16.89 14.74

17.14 .S4 LO,L ,001 3£.37 .87 .001 .001 6.04 11.79
31.43 45,12 8.25 .07 .001 .001 .001 .001 .001 7.79
3.06 21.66

.83 12.06 6.68 42.33 24.77 18.11 24.32 58.82 39.69

L
0 €.69 9.2€ 18.93 231.435 17.86 1.7% .001

.63 .001
19.53

.001 62.59
5.58

.001 .001 .23
.001

4,57 1.04

1000 21.47 ,001 .001 41.83 9.3 21.55 22.11 18.53 .001

1009
1018
1025
1932
2131
2163
216L
2170

.001 .001 .001 27.6 .001 7 .001
.001 63 .001 .001 .001

68.91

34300

15000

13000

1000

60000

108
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22€0 1.32 1.17 .77 1.11 .94 .93 .99 1.42 1.18 1.33 1.12 2.22
2262 1.73 3.3 .66 1.72 2.82 1.03 2.69 1.65 1.33 1.73 .62 1.1

CANDIDATE 3
31 3200020020000 .30002100017 15 153

211 30.37 28.1 55.43

L00 ,001 53.59 .001 6€7.85 1.89 18 26.17 .001 .00t 4,74
500 26.26 15 17.8 17.8

550 .5 .001

709 17.14 .4 30 .CCL 3%.37 .87 .00t ,001 6.C4 11.79
101§ .001 .001 .0C1 27.6 .001 5 .00%

2121 BCéE84

2122 18201

CANDIDATE #3
16 2

19 250

20 12.5
%03 99.6
2121 82000
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SUMMARY OF SYNTHESTIS MCDEL RESULTS
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ITEM SHIP #1 SHI? 72 3HEIF &7
LBP (%) 408,00 403,00 433,00
Ream (£%) 42.01 51.87 41,47
Craft (%) 15.61 14,66 15.292
DO (%) 34, 58 .53 4,58
D 10 (ft) 30.50 0,80 N, €0
D 20 (ft) 30.61 33.91 33.31
D AYS (£%) 33.17 32.17 32,17
Cp .59 59 £%
Cy .75 .75 "
7CG Full Load (ft) 18.05 7.93 17.82
L/B 9.71 9.81 9.8z
3/4 2.69 2.78 2.72
Range (NM) 4500,00 4500,00 42090.C0
Sustained SHP 40230.00 40230.00 4C230.0C
Endurance SHP 6666.7 €ks2,66 £485,49
Max Sustained Sreed (kts) 31.51 32.19% 32.03
Accomcdations 185 185 13«
Ins%talled EZlectrical (KW) 4000 4C00 L300
Pull Load Displacement (tons) 210,81 282,41 264,47
Light Ship Displacement (tons) 2583.74 24C0.38 26476 ,47
Variable loads (tcns) 777.87 783.12 786,27
Weight Margin (tons) 68.91 68.91 68.91
Weight Group 1 (tons) 1212.¢6 117,82 1165.00
Weight Group 2 (tons) 200.56 198.11 229.86

111




Sroup

" 3rcuvo

Grouzs ¢

Sroup

Zreud

SHIP #1 SHIP #2 SEIP #3
193,44 77.36 77.36
116.13 115.13 11€.13
Lu9.0 428,62 433,62
218.78 12,78 218,78

G3.54 93.54 93.54
53€7 L64367 467523
74662 252662 357223
112775 110705 11070C5
2172 2113 2126
1720 1663 1672
1262 1208 1219

SHIP #1 SHIP #2 SHIP #3
257.5% 2u8.4 2L8.3
140.0 130.5 132.8

0. 0. C.
72.7 68.4 69.4
320.0 329.0 220.0
30.4 30.4 30.4
38.1 38.1 38.1
94.1 59.k 59.4
117.8 123.6 124.6
39.4 39.4 39.4

0. 0. 0.

0. 0. 0.
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WEIGHT GRCUP #

!

}
i
|
1

|

118

119
120

150
151
1 TOTAL
200
201
202
203
204
205
206
207
208
209
210
211
250

SHIP #1
0.
39.2
3.2
0.
1.7
18.8
0.

.8
7.1
18.0
18,3
1212.6
0.
53.4
0.
67.3
1.9
20.1
26.2
0.
0.
4.7
4.7
3.2
2.0

113

SHIP #2  SHIP #3
0. 0.
39.2 39.2
3.2 3.2
0. 0.
1.7 1.7
18.8 18,8
0. 0.

.8 .8
7.1 7.1
18.0 13.0
18.3 18.3
1157.8 1165.0
0. 0.
53.4 53.4
0. 0.
67.8 99.6
1.9 1.9
18.0 18.0
26.2 26.2
0. 0.
0. 0.
4.7 L7
4,7 4,7
3.2 3.2
2.0 2.0



WEIGHT GROUP #

251
GRCUP 2 TCTAL
300
301
302

303

351
GROUP 3 TCTAL
500
401
502
403
1Ok
405
106
407
408
409
410
811
412
513
415
150

SHIP #1 SHIP #2 SHIP #3
16.1 16.1 16.1
200.3 198.1 22%.9
108.6 26.3 26.3
23.4 15.0 15.0
33.9 17.8 17.8
17.8 17.8 17.2
2.5 2.5 2.5
9.5 9.5 9.5
193.4 77 4 77 .4
4.0 4.0 4.0
12.3 12.3 12.3
5.0 5.0 5.0
10.4 10.4 10.4
5.6 5.6 5.6
6.0 6.0 6.0
2.9 2.9 2.9

0. 0. 0.
11.7 11.7 11.7
14,9 14,6 14,6
3.0 3.0 3.0

0. 0. 0.
23.6 23.6 23.€
7.1 7.1 7.1
1.8 1.8 1.8
.8 .8 .8
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ASIGHT GROUP #

SHIP #1
7.0
116.1
11.6
70.0
26.4
2.2
7.3
17.7
£1.3
16.9
16.7
17.1
.9
40,4

0.
b
.9

0.

0.
6.0
11.8
3.4
15,1
8.2
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SHIP #2
7.0
116.1
11.6
7C.0
26.4
2.2
7.3
17.7
41.3
16.9
16.7
17.1
9
30.0
0.
4.4

6.0
11.8
31.4
Ls,q

8.2

.1

7.0
116.1
11.6
70.0
26.4
2.2
7.3
17.7
k1.3
15.9
16.7
17.1

30.0
0.
344

.9

0.
6.0
11.8
31.4
Ls,1
8.2
.1




NEISHT SROUP # SHIP #1  SHIP #2  SHIP #3
523 0 0. 0.
524 0. 0. 0.
525 0. 0. 0.
526 0 0. 0.
527 0 0. 0.
528 7.9 7.8 7.8
550 3.1 3.1 3.1
551 1.7 31.7 31.7

GROUP 5 2CTAL 4490 438.6 438.6
600 8.8 4.8 L.E
601 12.1 12.1 12.1
602 6.7 6.7 6.7
603 42,5 42.5 12,5
604 24.8 24.8 24,8
605 18.1 18.1 18.1
606 24,3 24.3 24.3
607 58.8 58.8 <8.8
608 0.0 0.0 50,0
609 6.7 6.7 6.7
610 5.3 9.3 5.3
611 18.9 18.9 18.9
612 31.4 1.4 3.4
613 17.9 17.9 17.9
614 1.8 1.8 1.8
615 0. 0. 0.
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651
GRCUP 6 TOTAL
7C0
703
704
708
710
711
712
720
750
751
GROUP 7 TOTAL
800
801
802
803
804
805
806
807
808
809
810

117

SHIP #1 SHIP %2 SHIP #3
6 6 6
0. 0. 0.
318.8 318.8 318.8
19.5 19.5 19.5
0. 0. 0.
62.6 62.6 62.6
5.6 5.6 5.6
a. 0. 0.
0. 0. 0.
.2 .2 .2
0. 0. 0.
4,6 4.6 L,6
1.0 1.0 1.0
93.5 93.5 93.5
21.5 21.5 21,5
0. 0. 0.
0. 0. 0.
41.8 41,8 41.8
9.3 9.3 9.3
21,5 21.5 21.5
22.1 22.1 22.1
18.5 18.5 18.5
0. 0. 0.
0. 0. 0.
0. 0. c.




yZIZET CRQUP # ~~TE =z SEIE 22 I9IP &3
811 8 0 g
812 27.€ 27.6 7.9
8113 C. 0. 0.
814 7.C 2.0 £.C
gls 2. C. 0.
616 40L.9 522.7 323.9
817 33.6 c. <
818 0 C. 0
319 61.0 3.0 3.0
520 0 c. a.
821 0. 0. C.
822 0. 0. 0.

GROUP 8 TCTA 777.9 783.1 786.3
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